Studying solurirradiance variability with wavelet technique
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Absiract. Thedelo. tion of variations in solar irradiance by satellite-

based experiinents during thelast 17 years stimulated modelling efforts to
help to identify theircauses andto provide estimates for irradiance data
when nosotellite obso vations exist. Because of the lack of quantitative
_Ehymc:dmo(w ls of 80! a1 irradiance,” the current empirical models have ~

eendeveloped vithInear regr ession anal ysis, which can give only overall
information e hot it thephysical origin’ ‘of irradiance changes. In this paper -
‘we use wavelet &1 d € 1oss-coi relation techniques to analyze the changes
observed intota'rolarirradianceand its surrogates, including the Mg h
& k core-to wing 1atio and the full disk integrated magnetic flux.

1, Introduction
The total radiation eceivedfiom the Sun on the top of the Earth’s atmosphere
a 1 AU is called “solar conetent”. Observatione of totalirradiance from space
within the last onewndahall decades demonstrated that this important astro-
physical quantity chauges 0 time scales from minutes to years and decades,
The most importantdiscovery of the space-borneirradiance observations was
the 0.1% peak-to- p(fkvm(lionin total solar ir1 adiance over the solar cycle
(Willson & Hudson, ) 988). Since the solar energy flux is one of the main natu-
ra driving forces of the torrettiial almospheric and climmate system, it is essential
to understand andimodelthoobserved irradiance changes. One of the main in-
terests is to reconsbyuctthe hradiance changes back to the time of the Maunder
Minimum (1645-1705), when little magnetic activity was seen on the solar
surface (Ribes & Nese Ribos, 1993). Oue very interesting aspect of this solar
anomaly is its counterpartiyterias of the variationof the solar energy output
and its impact on the ¥ th’s climate. Thedearth of sunspot activity during
the Maunder Miniimum was indeed coincident with a cold period in Europe and
Atlantic region, knownasthi Litile Ice Age.

It is now welkiownthatthe variations intotalsolar irradiance are directly
correlated with thesolarmarnetic activity on both short and long time scales,
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this latter oucis&llowcdbythelength of the time series at our disposal, that
is the 1 1-yearsolarcydle. 1'heshort-terinirradiance changes (from days to
months) arerelatedtothe combined effect of datk sunspots and bright faculae
(Frdhlich et @)., 191)]) Thelong-terinchanges over the solar cycle are attributed
to the evolution of mapnetic ficlds via the changing emission of faculae and
the magnetic network (1 ovkal & Jea n, 1988). However, the current empirical
models developed f ramn®proxy” date for sunspots and bright magnetic features
cannot explainallthesspets of i1 radiance variability. It has been shown that
considerable variation of totulirradiance remains unexplained after removing the
effect of sunspote, faculac ard the nagnetic network (Frohlich & Pap, 1989). One
may argue that the proxies, especially the ones used for describing the changing
emission of bright magnctic clements, have to beimproved. Unfortunately, as far
as photospheric faculaar ¢ ¢ mcerned, there is no good synoptic data set on their
occurrence, Somesttanptshavebeenmade to estimate the effect of the bright
magnetic elernents citherwith the Hel index (Foukal & Lean, 19$8; Frohlich,
1994) or withthe mp11 h&kcore-to- wing ratio (Mg c/w) (Pap et at., 1994) in
order to model tot<11 sc ariryadian ce corrected for sunspot darkening by means of
the Photometric Sunspotlndex (1'S1) (Frohlichetal., 1954). But none of these
models is really convincing. Ingotrast, it should be pointed out that techniques
for trying to find t he bestline aﬁir between two or three. parameters do not take
into account thopow} le ¢on nliygvErkueen them (as reported also by Pap et al.,

1990). For example ow! (‘}ut( nporary slorage and subsequent gradual release
of the energy O(F(n nﬂu sli~kpot-related dipsin total 1rrad1ance(mg3be taken
into account with such simp »models? in addition, itis necessary to know more
about the possible tl e dele y between the storage d,Ild release of’ this energy in
order to explain the reridiz 1jon mechanism,

The aim of this puper.s to apply arelativel y new technique, the wavelet
analysis, to st uclylh(ham(sobselvcdmtotalnrcndlance We also use the
wavelet technique! toremmove the long -term trend fromn total irradiance and its
surrogates andtostuc yther esid ual short-term variability. Cross-correlation
between the dectrendedtime series should give us somme additional information
on the possible coupling between totzlsolar irradiance and its surrogates, such
as the Mg 11 h& k core to wing ratio (Mg c/w), the Photometric Sunspot Index
(PSI, not treated here)andihe full dick magnetic flux.

2. The wavelet transforin: a short description

Signal processing . 1cconsirictionof time series froom composition of defined
basis functions -is now ceseitial forscientific studies. It alows us to describe
the data we have frou various sources.  But for an optimal description, the
reconstructed titne sctics have to be es near as possible to the original signals,
In the case of studying non-stationary signals, when transient events appear but
they cannot bepredi(tedevey on a statistical forin, there is an urgent need to
develop and apply tectuicucL. difierent from the Fourier transform. And the
wavelets are part of thesete-hniques. The wavelet transform can be defined
as a time and&cele transfonin. This transform consists of making successive
projections on basis fundions whichare located intimeand each basis function
is a time-dilating of its previcus one (and thiscorr c.spends to scale information
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which could becomparidto the inforiation contained in a frequency band). For
further details onthe v avele: anal ysis we refer the readers to the monograph by
Meyer (1993).

Our first objective is te find a better technigque to represent the long-term
variations in totalsolaritradiance andits suirogates than the classical Fourier
transform. For thispurpos:: we use the wave] et technique. The advantages
of the wavelettechnique versus the Foutjer transform have been discussed by
Vigouroux & 1 Jelache(1993)and Vigouroux et a. (1995) so that we refer the
readers to thescpapers. Wejust point out that one of the best benefits of the
wavelet transform it that the thresholding procedure istime-depending. D

Since our pritaryinfercst isto study irradiance variability and its relation
to solar magnetic activity overmonths to years, any changes shorter than the
solar rotational periodhave been considered as “noise”and removed from the
data by calculating ruonthly averages in asimilar way as published by Vigouroux
& Delache (1994). Thedispersion of the daily data within 30 days has been
calculated as€rt01-bar » andvariations within 30 days are considered as “noise”
even if, in this case, the “no’ scié eolar, rather thap instrumental, in its origin.
The error-bars versus theircorrespondingl 30 days yaverages have been studied
in detail by Pepetal. () 99L). 1t has been :h‘own'tha.t the. dispersion values are
higher during theinasiyur of thesolar activity cycle than during minimum
activity conditions. Sincethe thresholdis time- dependent and it hence will
depend on thesize of t h(-(tn«»J-baJsofthe(n'igina]data,Wye canh suppose that the
wavelet processing willniakdless effort to follow the moi h‘»to~m0§h variations
during solar maxitunithar during solar minimum. k ~ '\_‘_

3  Month-to .manthyar iations as revealed by the wavelet technique

Figs. la-d represent them nthly averages of the investigated time series with
their respective erior-bars. Inthe case of gaps in the data we have made a linear
interpolation, Theerrmbae of the interpolated data have been calculated as
the maxima betweentheer or-bars of the two neighboring points in order to
avoid giving, toomunchweipitto tile interpolated data. Fig. la shows the
full disk integral cdmnagunenc flux (11 arvey, 1994), whereas the Mg c/w ratio
(Donnelly et &l., 1 994735 p:esented inFig. 1b.7otal solar irradiance observed
by the Nimbus. 7/} RYiyadiometer (Kyle et a., 1993) is plotted in Fig. lc, its
value corrected forsunispot d arkening by means of the PSI function (hereafter
Se) (Frohli ch et &1.,1994) s shown in Fig, 1d. The models of the solar cycle
variability derived witliwavilcet analyeisare presented by solid lines on each plot.
In order to remove thelong- terin variation over the solar cycle from the time
series, the appropriztavav: et models have beensubtracted from the observed
data. The residval tit e serics, rep) esenting the, month-to-month variability, are
plotted in Figs. 2a d.

To study the lincar as:ociation between theinonth-to-month changes ob-
served in variovs datascts, we have performed a cross-correlation analysis. The
cross-correlation spectra b iween the time serics are presented in Fig. 3. It
has been showntliatinth: case of a random time series, which has the same
number of datapointeasth residuals, 95% of the values in the cross-correlation
spectrum lie between 4274 ‘IN), where N:149 (Chatfield, 1984). Accordingly,
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Figure 1. Madels of Jong-term variations calculated by the wavelet
transform (solid live¢)a ¢ superimposedon the 30-day averages of the
original time sciies togeiher with their error-bars.
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Figure 2.  The1esidue! time series after removing the solar cycle vari-
ability by 1ica ns of the wavelet models.
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the significant levelfor the ¢ oss-correlation between the irradiance values and
the full disk magnctic fiuxie 0.164, and it is represented by dashed lines in Fig.
3.

The results of the cross correlation between the Nimbus- 7/ERB total irra-
diance and the full diskmag:etic flux are presentedin Fig, 3a. As can be seen,
there is a dight anti-correlar ion betweenthesetwo indices with zero time-lag.
We note that thisanti-corr lation is more pronounced in the case of the PS|
function (r =0.7,notshovnhere), indicating that sunspots reduce total so-
lar irradianceandtheycanoxplain shout half of itsshort-term variability (cf.
Chapman, 1987). Alttoughthe maguetic field isthe strongest in sunspots, its
value is aso enhancedinthe presence of bright magnetic features which increase
total irradiance.lherefore, the anti-correlation between the magnetic flux and
irradiance deficiteislessvisble, It is interesting to note that a significant posi-
tive correlationhasbe:ufound between totalirradiance and the magnetic field
at -10 months time-Jap.  Sinidlariesults have been found in the case of the
SMM/ACRIM 1 totzlirsadiznce (not shownhere).

The cross- carrclationbetween S, and the. magnetic flux is presented in Fig.
3b, whereas Fig. 3cthowstiie. same for the Mg c/w and the magnetic flux.
As can be scen,the (ross correlation diagrames fo1 S¢ (Fig. 3b) and the Mg
c/w ratio (¥Fig. 3c)showasimilar pattern. Positive. correlations are found at
O, 1, 5, and 10 monthetimnelags, whereasanticorrelation is seen at time-lag of
-3 months. The positive correlation with O time lag indicates that the weaker
magnetic fields of plages ard the active network increase both SC and the Mg
c/w ratio. A moredetziledanalysis of the individual wavelet components of the
time series (Vigourou»cta'., 1995 shows that there is a negative correlation
also at +3monthetime 1 ag which cannot be seen from a simple cross-correlation
between the detrended dats frets. Vigouroux et al. (1995) have also found the
existence of a b - 6 monthsperiodicity in the data, similar to other studies (e.g.
Bai & Sturrock, 1987, whichisinore pronounced during the maximum and
declining portion of golarcycle 21 than during solar mminimum as well as during
the rise and ruaximomof cycle 2.2, In addition, three. is a trend related to a
longer periodicity (aboutl 37 months) during solar cycle. 22 which may demolish
the anticorrelation st the -1 8 months time-lag. Finally, we note that there is
an asymmetry inthe (1 oss correlation spectra between the magnetic flux and
SC (Fig. 3b) and Mg ¢/w (¥ig. 3¢).Further investigations are required to
clarify whetherthirauymnetry is related to the apparent differences between
solar cycles 21and 22 whict was first pointed out by White et al. (1994).

Fig. 3d showet lccrosscorr elation between S. and the Mg c/w. As can
be seen, there is & strong positive correlation between the two data sets with
zero time-lag, indiczting thutafter eliminating the effect of sunspots from total
irradiance, its variability iesimilart o that of UV irradiance as represented by
the Mg c/w ratio.lice des t he positive correlation at zero time-lag, an additional
peak is seen inthe crose cor relation spectrum at -1 10 months time-lag,

To study the tiine delays between the examined data sets in more detail, the
cross-correlation  hushbeenc-lculated between theindividual scales of the wavelet
transforms corresponding to different frequency bands. The solid line of Fig. 4a
shows the. cross-corgelation diagraru between thesecond scale of the wavelet
transforms, corresponding w4 - & months periodicity, of the magnetic field
and Mg c/w ratio. ‘Jne da ledline ehows the autocorrelation of the magnetic
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Figure 3.  Cioss corretation between the datasets detrended with
waveletl technique

field strength. Ascanbesecn, the cross-correlation between the magnetic field
and Mg c/w issimilartotle pattern of the autocorrelation of magnetic field,
except that the valucetinonth time delay is almost as strong as the one at O
time-lag. We note thatsituiliaresults have been found for the first scale wavelet
transforms (2 - 4 nonthepariodicity) in the case of both the Mg c/w ratio and
S..

The results of theqos: correlat ion betwecn the third scale (correspond-
ing to 8-16 montheperiodiities) of wavelet transforms of the magnetic field
and Mg c/w are presented i Fig, 4b, where the dashed line shows again the
autocorrelation for the mmagictic field st ength. in this case, the maximum of
the cross- correlationis found for 1-2 months tinme delay. Furthermore, an anti-
correlation for-4months titielag is seen in the moss-correlation but not in the
autocorrelation of theinepnctic field, These resvlts indicate that the changes in
the Mg c/w ratio (and §,) andthe magnetic flux are similar on time scales less
than 8 months, but the diflirences become more obvious if we compare longer
term variahility es,

The solid lines intigs 4 c aud 4d present the cross-correlation between
the second andthité ~(tiles of the wavelet transforms of the Mg c/w and §.,
respectively, The dashicd lin = show the autocorrelation of S¢. In the case of the
second scale of t he wavel et transform, the au tocorrelation and cross-correlation
curves fit each other quite will, indiceling the similarity of the variations in the
Mg c/w data sndtot alitiadance corrected for sunspot darkening on time scales
shorter than8months. As11g. 4d shows, the crews- correlation function follows
the autocorrelation of 5, to & months time- lag.
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Figure 4,  Cyosscorr | ation of the second and third scales of the
wavelet transforms (sce text) of the detrended time series,

4. Conclusion

Variations obser ved intotal solar irradiance on time scales of months to years
have been compared to the changesin its surrogates, such as the full disk mag-
netic flux, PSI, andtheMg ¢/w ratio. It has beenshown that there is a3 months
time delay between themoit hly averages of the. full disk magnetic flux, tota
irradiance cori ected foy sonspot darkening, and the Mg c/w, when irradiance is
leading the magneticfiux variability. The physical origin of this anticorrelation
at -3 months isriot yetunder: t0od. It is a question whether it is related to the 5-
6 months periodicity foundivarious data sets (e.g. Bai & Sturrock, 1987; Pap
et al., 1990) orit 1cpresentswrealtime delay between the magnetic flux, S, and
Mg c/w. The cross corre atinn between several scales of the wavelet transfrom
of the detrendeddatzi ndicate that onlong time scales the correlation between
the magnetic fluxand 5. aswell as the magnetic fiux and the Mg c/w is quite
different from the autocorrelation of the magnetic field. It is also interesting
that there isa -t J0routhslong phase shift between S, and the Mg c/w, This
indicates that theesponse of the chromospheric layers to the magnetic field
variations is quite diflexe{th an that of the photosphere, and therefore the use
of chromospheric proxics formodelling the changes in total irradiance may not
be adequate, Furt herstudiceof the time delays between the magnetic flux and
solar radiation crmittedirom diflferent layers of the solar atmosphere will lead to
a better understanding 01" tl« dynamics taking place. below, in and above the
photosphere.
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